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Recent µSR measurements on SrPtAs revealed time-reversal-symmetry breaking with the onset of
superconductivity [Biswas et al., Phys. Rev. B 87, 180503(R) (2013)], suggesting an unconventional
superconducting state. We investigate this possibility via functional renormalization group and find
a chiral (d+id)-wave order parameter favored by the multiband fermiology and hexagonal symmetry
of SrPtAs. This (d+id)-wave state exhibits significant gap anisotropies as well as gap differences on
the different bands, but only has point nodes on one of the bands at the Brillouin zone corners. We
study the topological characteristics of this superconducting phase, which features Majorana-Weyl
nodes in the bulk, protected surface states, and an associated thermal Hall response. The lack of
extended nodes and the spontaneously broken time-reversal symmetry of the (d+ id)-wave state are
in agreement with the µSR experiments. Our theoretical findings together with the experimental
evidence thus suggests that SrPtAs is the first example of chiral d-wave superconductivity.
Introduction. SrPtAs is a pnictide superconductor
(Tc = 2.4 K), where present experimental evidence
strongly suggests broken time-reversal symmetry (TRS)
in the superconducting state [1, 2]. So far, this property
has only been found in nature for a limited number of
compounds such as Sr2RuO4 [3, 4], like SrPtAs a quasi-
two-dimensional material, and naturally offers the possi-
bility of a chiral superconducting state with non-trivial
topological properties [5]. Unlike other pnictide super-
conductors, the crystal structure of SrPtAs has hexago-
nal symmetry. This has important consequences for pos-
sible chiral superconducting states: While square-lattice
symmetry as found in Sr2RuO4 generically triggers a chi-
ral p-wave triplet order parameter due to the degeneracy
of px- and py-wave at the instability level, hexagonal sym-
metry implies degeneracy in the dx2−y2 - and dxy-wave
channel, too. In such a case, similar to the p-wave sce-
nario on a square lattice, a chiral (dx2−y2 + idxy)-wave
order-parameter combination that spontaneously breaks
TRS generically maximizes the condensation energy of
the superconducting state [6].
Chiral superconductors exhibit many exotic phenom-
ena due to their nontrivial topology [5, 7, 8], such as
Majorana vortex bound states and gapless chiral edge
modes, that carry quantized thermal or spin currents.
Chiral d-wave superconductivity has previously been pro-
posed in various model calculations for graphene doped
to van Hove filling [9–13] and has recently been prop-
agated to explain the superconducting state in water-
intercalated sodium cobaltates [14]. Note, however, that
there exists a natural competition between d-wave and
f -wave superconductivity in these scenarios, a recurrent
motif in the study of superconducting instabilities in
hexagonal systems [15]. This is intuitively illustrated by
a single-orbital honeycomb Hubbard model: While the
leading instability is of d-wave symmetry for bands close
to the van-Hove singularity, it changes to f -wave sym-
metry when the Fermi surface consists of (disconnected)
pockets around the Brillouin zone (BZ) corners. The
f -wave instability is preferred in that case, because all
gap nodes can be placed such that they do not intersect
with the Fermi surface [12, 16]. So far, no unambiguous
experimental evidence in support of chiral d-wave super-
conductivity in a hexagonal system exists, hence awaiting
further investigation and refinement.
In this Letter, we present functional renormalization
group (FRG) [15, 17] studies for SrPtAs, which, in com-
bination with the experimental evidence at hand, render
this system a prime candidate for chiral d-wave supercon-
ductivity. So far, superconductivity in SrPtAs has only
been investigated within a mean-field approach with a
generic short-range density-density interaction [18]. De-
pending on the specific structure of the interaction the
leading instability is either in the s- or f -wave channel,
with an additional d-wave solution close by in energy,
however. Our analysis sheds further light on the nature
of superconductivity in SrPtAs and allows for a substan-
tiated microscopic perspective. For intermediate interac-
tions, we find d-wave superconductivity as the dominant
Fermi surface instability, while ferromagnetism is non-
negligible due to the large, partly unnested density of
states at the Fermi level. This trend towards d-wave
superconductivity can be attributed to the multiband
fermiology of SrPtAs shown in Fig. 1(a). While the pock-
ets centered around K and K ′ in the BZ are the main
driver for superconductivity, proximity-coupled pockets
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FIG. 1. Fermi surface at kz = 0 (a) and kz = pi (b) of SrPtAs.
(c) The density of states for the full three-dimensional band-
structure (bold black), for a (2D) plane with kz = 0 (dashed
black), and the three-dimensional bandstructure only looking
at bands around the corners of the Brillouin zone (band 3,
green line). Note the van Hove singularity very close to the
Fermi energy.
around the Γ point are a crucial ingredient to tilt the
system in favor of a d-wave instability.
In a two-dimensional (2D) geometry, the chiral d-wave
state is a topological superconductor that supports dis-
persing chiral Majorana modes at the edge. These edge
modes are robust to perturbations, for they are pro-
tected by the emergent particle-hole symmetry of the
superconducting condensate. We elaborate in this Let-
ter that the fate of this topological state in the three-
dimensional (3D) material SrPtAs is a Weyl supercon-
ducting state [19]. As such, it features Majorana surface
states and nodal points in the bulk which are described
as three-dimensional Majorana-Weyl fermions in the low-
energy limit.
Model. The low-energy electronic structure of SrPtAs
can be described by three bands, indexed by b = 1, 2, 3,
stemming from the Pt d orbitals with dispersions [20]
ξ
(b)
k± = 
(b)
1k − µ(b) ±
√
|(b)ck |2 + (α(b)k )2. (1)
For each band, the individual terms in Eq. (1) are
given by 
(b)
1k = t
(b)
∑
n cos(Tn · k) + t′(b)z cos kz, (b)ck =
t
(b)
z cos(
kz
2 )[1 + e
−iT3·k + eiT2·k], and the spin-orbit cou-
pling α
(b)
k = α
(b)
∑
n sin(Tn · k). The lattice vectors are
T1 = (0, 1, 0), T2 = (
√
3/2,−1/2, 0), T3 = −T1−T2, and
all the lattice constants have been set to unity. Figure 1
shows the Fermi surfaces at kz = 0 (a) and kz = pi (b) ob-
tained with the tight-binding parameters from Ref. [20]
and reflects the quasi-two-dimensional nature of this ma-
terial. Note that the outermost band is close to the van-
Hove singularity (located at M) and hence contributes
most to the density of states (DOS), namely 74% of the
total DOS, see Fig. 1(c).
While spin-orbit coupling and the kz dispersion in
this compound play a crucial role for the mixing of or-
der parameters [18, 21] and magnetic properties [20],
the dominant instability likely depends more on the ge-
ometry of the Fermi surfaces and the low-energy spec-
trum. We therefore focus on the five bands crossing the
Fermi energy at kz = 0 [22] with dispersions given in
Eq. (1) and treat them each as (spin-degenerate) inde-
pendent bands with operators ψβks (β = 1 . . . 5) in a
two-dimensional band structure. We then introduce the
interaction Hamiltonian
H′ = G1
∑
β<β′
∑
k,s
ψ†βk1sψ
†
β′k2s′ψβ′k3s′ψβk4s
+G2
∑
β<β′
∑
k,s
ψ†βk1sψ
†
β′k2s′ψβk3s′ψβ′k4s
+G3
∑
β<β′
∑
k,s
ψ†βk1sψ
†
βk2s′ψβ′k3s′ψβ′k4s
+G4
∑
β
∑
k,s
ψ†βk1sψ
†
βk2s′ψβk3s′ψβk4s
(2)
containing inter-band (G1) and intra-band (G4) density-
density interactions, an exchange interaction (G2), and
a pair-hopping term (G3). Note that the sum
∑
k,s runs
over all spins and momenta constrained to k1 + k2 =
k3 + k4 (modulo reciprocal lattice vectors).
Renormalization group results. Using FRG,
we compute the effective, renormalized interac-
tion described by the 4-point function (4PF)
VΛ(k1, α;k2, α
′;k3, β;k4, β′)ψ
†
k4β′sψ
†
k3βs¯
ψk2α′sψk1αs¯,
where the flow parameter is the IR cutoff Λ approaching
the Fermi surface, and with k1 to k4 the incoming and
outgoing momenta. The starting conditions are given
by the bandwidth serving as a UV cutoff, with the bare
initial interactions in Eq. (2) serving as the initial 4PF.
The diverging channels of the 4PF under the flow to the
Fermi surface signal the nature of the instability, which
in our case we find to be located in the Cooper channel.
The 4PF in the Cooper channel can be decomposed into
different eigenmode contributions
V SCΛ (k,−k,p) =
∑
i
cSCi (Λ)f
SC,i(k)∗fSC,i(p), (3)
where i is a summation index over all eigenvalues, whose
number equals the number of discretized momentum
points along the Fermi surfaces (inset Fig. 3). The lead-
ing instability of that channel corresponds to the cSC1 (Λ)
that first diverges under the flow of Λ (Fig. 2).
At a larger cutoff scale, the first significant feature of
the channel flow is a bump in several channels due to
the van-Hove singularity located at this cutoff distance
from the Fermi level. This is accompanied by an en-
hanced spin-triplet pairing interaction (see Fig. 2). At
a smaller cutoff scale, a (d-wave) Pomeranchuck channel
starts to grow and, along with it, the pairing in the d-
wave channel. Finally, at low scales, the d-wave channel
diverges. The initial switch from triplet to singlet in the
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FIG. 2. Eigenvalue flow of several RG channels for g1 =
g2 = 0.4eV and g3 = g4 = 1.5eV. The first diverging mode is
the doubly-degenerate d-wave superconducting (SC) channel,
followed by the subleading doubly-degenerate d-wave Pomer-
anchuk channel (PI). Due to imperfect nesting, neither the
charge density wave (CDW) nor the spin-density wave (SDW)
play a significant role.
Cooper channel under the renormalization group flow is
common in specific multiband fermiologies with signifi-
cant unnested density of states at lower energies, seen in
LiFeAs [23] to name an example. As a more peculiar fea-
ture, however, note how the subleading Pomeranchuck
and the leading superconducting eigenvalue appear to
show significant interdependence, implicating that fluc-
tuations in the Pomeranchuck channel might contribute
to seeding superconductivity.
Figure 3 shows the (d+id) gap structure resulting from
the d-wave superconducting instability. The gap shows
a significant anisotropy along the outer pockets due to
higher harmonic contributions in the d-wave form fac-
tors. In addition, there is a clear difference of the gap
scale on the inner bands around the Γ point and the
outer bands around the K, K ′ points, with the largest
gap at the k points closest to the van-Hove singularity.
This again emphasizes the importance of the outer band
due to its proximity to the van-Hove singularity. Never-
theless, inclusion of all bands is crucial for obtaining the
d-wave order parameter. If it were only for the outermost
bands, previous calculations suggest an f -wave order pa-
rameter to be dominant [12, 16]. However, such a state
would have nodes on the Γ-centered pockets, and there-
fore necessarily loses condensation energy as compared
to the dominant d-wave solution.
Characterization of the chiral d-wave state. Hav-
ing identified the d-wave superconducting state as the
dominant instability using FRG, we now discuss its
momentum-space structure and its topological properties
in more detail. We first note that the spin-orbit-coupling
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FIG. 3. Representative d + id-gap structure plotted along
the discretized Fermi pockets (g1 = g2 = 0.4eV and g3 =
g4 = 1.5eV). There is significant gap anisotropy on the pock-
ets around K and K′. The pockets centered around Γ only
show small, isotropic gaps mainly induced by the proximity-
coupling to the outer pockets. The inset visualizes the gap
magnitude and shows the discretization of the Fermi surfaces.
term α
(b)
k [Eq. (1)] of Ref. [20] allows in principle for an
admixture of a small (staggered) chiral p-wave compo-
nent to the dominant chiral d-wave state [18]. We thus
consider here the more general form of the gap function
∆±k,l = iσ2 ∆
±[e±k σ0 + r(−1)lo±k σ3], (4)
where l = 1, 2 denotes the layer index, e+k = (e
−
k )
∗ =∑
n w
n cosk · Tn, and o+k = (o−k )∗ =
∑
n w
n sink · Tn,
with wn = exp(i2pin/3), n = 1, 2, 3. The Pauli matrices
σ2, σ3 and the 2× 2 unit matrix σ0 act in spin space.
The gap function ∆±k,l preserves the sz spin-rotation
symmetry, but breaks time-reversal symmetry by spon-
taneously choosing one of the two chiralities ‘±’ [18]. It
has three nodal lines in the BZ which run parallel to the
kz-axis, one at kx = ky = 0 and one at each corner of the
hexagonal basal plane of the BZ at kx = 0, ky = ±4pi/3.
These nodal lines do not intersect with the two pairs of
Fermi surfaces that are centered around the Γ point [blue
and red Fermi surfaces in Fig. 4 (a)]. They do, however
intersect with the cigar-shaped sheet of the pair of Fermi
surfaces that are centered around the BZ corners [green
Fermi surfaces in Fig. 4 (a)]. The low energy effective
theory of the Bogoliubov quasiparticles near these four
intersection points
k(λ,λ
′) =
(
0, λ
4pi
3
, λ′ arccos
3
√
3α(3) + 2µ(3) + 3t(3)
2t
′(3)
z
)T
,
(5)
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FIG. 4. (Color online) Fermi surface structure and edge states of the Eg superconducting state of SrPtAs. a) Bulk Fermi
surfaces with Majorana-Weyl nodes of the superconducting order parameter (red dots) and their projection to the surface BZ
of the (010) surface. In the surface BZ, the Fermi surfaces and Fermi arcs of the chiral Majorana fermions are sketched, with
the arrows indicating their group velocity. b) Cut along kz = 0 of the spectrum of a 150 layer slab stacked along the (010)
direction showing Majorana fermion surface states. c) The cut along kx = 0 of the spectrum of a 400 layer slab stacked along
the (010) direction shows the position of two Majorana-Weyl points as well as the chiral Majorana surface modes connecting
them.
with λ = ±, λ′ = ±, is that of a three-dimensional
Majorana-Weyl fermion [19, 24–27] with a momentum-
linear dispersion. Thus, the chiral d-wave state of SrPtAs
is a Weyl superconductor.
If the sz spin rotation symmetry is preserved, the sys-
tem belongs to symmetry class A in the classification
of Ref. [28]. Class A is trivial in 3D, but admits a Z
classification in 2D, with the Chern number of the Bo-
goliubov bands as the associated topological invariant.
If translational symmetry holds, the Chern number can
be defined for a Bloch Bogoliubov-de Gennes Hamilto-
nian in any 2D plane in the BZ that does not intersect
the Majorana-Weyl nodes k(λ,λ
′). As SrPtAs is a layered
material stacked in the z-direction, it is natural to com-
pute the Chern number in the kx-ky-plane as a function
of kz. We obtain for the fully gapped bands b = 1, 2 that
C
(b)
kz
= 8 independent of kz and
C
(3)
kz
=
{
−4 for |kz| < |k(+,+)z |,
−8 for pi > |kz| > |k(+,+)z |
(6)
for the band with the Majorana-Weyl nodes.
Finally, we discuss consequences of the nonzero Chern
numbers: Planes perpendicular to the [001] direction sup-
port (one-dimensional) topological surface states, that
are chiral Majorana fermions. Figure 4(a) sketches the
Fermi surfaces associated with the (2D) surface states
[see Fig. 4(b)], which in 3D live in planes parallel to
[001]. In particular, a pair of Fermi arcs spans between
the projections in the surface BZ of the Majorana-Weyl
points k(+,+) and k(+,−) as well as between the projec-
tions of k(−,+) and k(−,−) [see Fig. 4(c)]. The topological
response associated with these surface states is a sponta-
neous thermal Hall effect. The reduced thermal Hall con-
ductivity κxy/T takes universal quantized values for fully
gapped 2D superconductors. In 3D, however, it carries
extra dimension of inverse length and therefore depends
explicitly on the height of the unit cell c in z-direction
and the separation 2|k(+,+)z | between the Majorana-Weyl
points
κxy =
k2BT
24
∫ 2pi
0
dkz
c
∑
b
C
(b)
kz
=
k2BT
3c
(
2pi + |k(+,+)z |
)
.
(7)
Conclusion. Using FRG, we provide strong evidence
that superconductivity in SrPtAs realizes a chiral d-wave
state. Given the hexagonal symmetry, we identify the
specific multiband fermiology and its Fermi pockets in
proximity to van Hove singularities as the main ingre-
dients that stabilize this pairing state. The obtained
state is fully consistent with the existing experimental
data. First, µSR measurements constrain the supercon-
ducting state to break TRS and to have no line nodes on
the Fermi surfaces. Second, recent nuclear magnetic res-
onance measurements found evidence for multi-gap su-
perconductivity and a suppressed coherence peak that
is consistent with a chiral d-wave order parameter [29].
For a quantitative prediction of the d-wave anisotropy,
as well as the relative gap sizes on the different bands, a
more refined, orbital-resolved description of the interact-
ing Hamiltonian is necessary and is beyond the scope of
this paper.
The chiral d-wave order parameter is energetically ex-
5plained by resorting to a strictly two-dimensional approx-
imation of the band structure of SrPtAs. However, the
weak three-dimensionality of SrPtAs has important con-
sequences for its topological properties: We find SrPtAs
to be a superconductor with protected Majorana-Weyl
nodes in the bulk and (Majorana) Fermi arcs on the
surface, along with other topological Majorana surface
states. For an experimental investigation of the exotic
surface properties, including the thermal Hall response,
and directional anisotropies of the chiral d-wave state, the
availability of high-quality single crystals will be crucial.
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